Myrmecochorous plants produce seeds with lipid-rich appendages (elaiosomes) which act as a reward for seed-dispersing ants. Seed dispersal is important for exotic species, which often need to establish new mutualistic interactions in order to colonize new non-native habitats. However, little is known about the importance of elaiosomes for seed removal in many of their non-native ranges. We studied ant-seed interactions of elaiosome-bearing and elaiosome-removed seeds of the Australian trees Acacia dealbata and Acacia longifolia in order to assess the relative importance of elaiosomes for seed removal between their native (Australia) and non-native (Portugal) ranges. In Portugal, we also studied the cooccurring native plant species with myrmecochorous seeds, Pterospartum tridentatum and Ulex europaeus, across three contiguous levels of acacia invasion: control (i.e. no acacia), low, and high acacia tree density. Acacia seeds were successfully removed by ants in their non-native region by a diversified assemblage of ant species, even in sites where native plants interacted with only one specialized ant species. In the invaded range, diminishing relative importance of elaiosomes was associated with changes in the ant community due to acacia invasion, and for A. dealbata, ant species richness decreased with increasing acacia tree density. Although seed removal was high for both acacia species, the importance of elaiosomes was proportionally lower for A. dealbata in the non-native region. Native plant species experienced significant reductions in seed removal in areas highly invaded by acacia, identifying another mechanism of displacement of native plants by acacias.
Introduction
Biotic interactions are essential components of invasive success, either by releasing invasive species from costly interactions in the native range, or by establishing novel beneficial interactions in their non-native ranges (Traveset and Richardson 2014) . Mutualisms are essential for the success of numerous invasive exotic plants (Richardson et al. 2000; Traveset and Richardson 2006) , and invasive plants can establish many forms of mutualisms that can increase nutrient acquisition, pollination, or seed dispersal, which are crucial for their success in colonizing new areas (Davidson and Morton 1984; Auld 1986; Willson and Traveset 2000; Richardson et al. 2000; Whitney 2002; Jensen and Six 2006) . In fact, the introduction of mutualists from the invader's native range has been reported to trigger invasion success in the non-native ranges of some introduced species (Richardson et al. 2000) . Regardless, invasive plants can establish novel mutualisms by taking advantage of native mutualistic networks already present in the invaded regions (Simberloff and Von Holle 1999; Richardson et al. 2000) . Exotic plants usually integrate easily into mutualistic networks because these are often be dominated by generalists (Traveset and Richardson 2011) , and invasives tend to preferentially interact with generalists both in their native and non-native ranges (Aizen et al. 2008; Bartomeus et al. 2008; Ferrero et al. 2013; Traveset and Richardson 2014; Montesinos et al. 2016) . As a result, native generalist mutualists can become more common after invasions, which in turn can have a negative effect on native plants with more specialized interactions (Traveset and Richardson 2006) . Myrmecochory, seed dispersal by ants, is an important type of mutualistic interaction found in more than 11,000 species, or about 4.5% of all plant species (Lengyel et al. 2010) . Seeds of numerous plant species possess elaiosomes: protein and lipid rich seed appendages that constitute an important reward for ants in exchange for seed dispersal services (Gorb and Gorb 1999; Willson and Traveset 2000; Giladi 2006; Lengyel et al. 2009; Fokuhl et al. 2012 ). Up to 90% of myrmecochorous plant species are native to the Southern hemisphere, while only 10% are native to the Northern hemisphere (Gómez and Espadaler 1998; Lorenzo et al. 2010a; Lengyel et al. 2010) . The presence of myrmecochorous mutualisms in the northern hemisphere is known to facilitate ant seed dispersal for myrmecochorous plant species introduced from the Southern hemisphere (Pemberton and Irving 1990; Richardson et al. 2000; Jensen and Six 2006) , and invasive plants have been found to establish myrmecochorous mutualisms in their non-native ranges with both native and nonnative ants (Smith 1989; Bossard 1991; Jensen and Six 2006; Alba-Lynn and Henk 2010) . Furthermore, invasive ants sometimes interact preferentially with invasive plants, synergistically strengthening their success in their non-native regions (Prior et al. 2015) .
Plant invasions regularly lead to significant changes in the composition and function of the native disperser community (French and Major 2001; Traveset and Richardson 2006) , involving cascading effects along the food web which can result in reduced seed dispersal and recruitment of native plant species (Sallabanks 1993; Williams and Karl 2002) . In addition to changes in mutualistic interactions, invasive species frequently develop locally adapted traits as a response to the different environmental conditions found in their nonnative ranges (Hierro et al. 2005) . Plant traits can differ among different areas within a single non-native region, showing, in some cases, differences between the expanding invasion edges and mature invaded areas (Phillips et al. 2006 (Phillips et al. , 2007 Lankau et al. 2009; Montesinos et al. 2012) . Recent studies showed that acacias from non-native populations were investing more resources into seed mass than acacias from native populations, but proportionally less resources in elaiosomes than their conspecifics in the native range (Correia et al. 1 3 2016). Our study aims to detect potential implications for seed removal of these changes in resource allocation.
Acacia dealbata Link and A. longifolia (Andr.) Willd. are among the 22 species of Australian acacia listed as invaders in different parts of the world Rejmánek and Richardson 2013) . In Europe, Portugal is one of the most affected countries by the invasion by Australian acacias with large natural and seminatural areas covered by these species (De Almeida and Freitas 2006; Lorenzo et al. 2010a; Marchante et al. 2010) . Factors that are likely to influence success include the establishment of below-ground mutualisms in invaded areas (Rodríguez-Echeverría et al. 2009; ; larger seed production than native species, which are able to accumulate in persistent soil seed banks (Marchante et al. 2010; Correia et al. 2014) ; allelopathy (Lorenzo et al. 2010b, c; Aguilera et al. 2015) ; changes in soil properties (Rodríguez-Echeverría et al. 2013) ; enemy release from pre-dispersal seed predators (Correia et al. 2016) ; and myrmecochory, which is known to be important for acacia invasion success in South Africa (Holmes 1990; French and Major 2001) , and has been reported to be present in Southern Europe (Montesinos et al. 2012) . Myrmecochory is important because seeds moved away from the parent plant are able to effectively colonize new areas and to avoid seed predation (Willson and Traveset 2000; Giladi 2006; Lach et al. 2010) .
One way to experimentally assess the relative importance of elaiosomes for seed removal is to compare seed removal rates from elaiosome-bearing seeds with seeds to which the elaiosome has been manually removed. Such experiments invariably show the importance of elaiosomes, but can also be informative about differences in their relative importance across environmental conditions (Hughes and Westoby 1992; Castro et al. 2009; Bas et al. 2009; Montesinos et al. 2012) . In this study, we quantified not only seed removal, but also the relative importance of elaiosomes in the establishment of seed-ant interactions along increasing tree densities of the two acacia species in the non-native range of Portugal, and compared it with seed removal in their native range in Australia. Specifically, our goals were: (1) to assess myrmecochory and the relative importance of acacia elaiosomes in the native range of Australia and in the non-native range of Portugal; (2) to quantitatively describe the ant community composition at each site; and (3) to assess the impact of acacia invasion in seed removal by ants for native plant species along a gradient of acacia tree density, from highly dense acacia patches to control areas free of acacia.
Methodology

Study species
Acacia dealbata and A. longifolia are perennial trees native to Australia, and invasive in several regions of the world, including Southern Europe, South Africa, South East Asia, and North and South America Rejmánek and Richardson 2013) . Trees have a lifespan of 20-50 years . Both species were introduced in Portugal early in the twentieth century as ornamental trees or as forestry species for soil stabilization (De Almeida and Freitas 2006; Lorenzo et al. 2010a ) but, after expanding out of their introduction sites during the last decade, are nowadays two of the most invasive species in Portugal (Lorenzo et al. 2010a; Marchante et al. 2010; Gibson et al. 2011) . Acacia dealbata inhabits mountain ranges and road sides of continental regions, whereas A. longifolia inhabits coastal sand dunes (De Almeida and Freitas 2006; Rodríguez-Echeverría et al. 2009; Lorenzo et al. 2010a; Buscardo et al. 2010) . Both acacia species disperse seed in summer in their native range and non-native range of Portugal (Castroviejo 2001; Pellow et al. 2009 ).
Study sites
In Portugal A. dealbata was studied in the mountainous area of Lousã (40.102568, − 8.233698); while Acacia longifolia was studied at the secondary dunes of Tocha (40.328420, − 8.807237, datum WSG84 (− 34.399254, 150.903614) . Point Hut Pond presents a dry continental climate, with an average annual precipitation of 616 mm, and mean monthly temperatures ranging from 5.7 °C in July to 20.6 °C in July, with an annual mean of 13.1 °C. The population is located in a relatively well conserved area. Vegetation is composed by A. dealbata trees and several species of Eucalyptus, and numerous understory species, including Hardenbergia violacea, and species of the genus Banksia, Danthonia, and Themeda. Puckeys State has an oceanic climate, with an average annual precipitation of 1321 mm, and mean monthly temperatures ranging from 12.6 °C in July to 21.7 °C in January, with an annual mean of 17.5 °C. The population occurs in a moderately well-preserved sand dune system. Vegetation is composed by naturally occurring A. longifolia and Eucalyptus botryoides trees, Leptospermum laevigatum shrubs, and by characteristic sand dune species, including species of the genera Spinifex and Banksia.
Experimental set-up
In each of the two non-native sites in Portugal, each dominated by one of the studied acacia species, we randomly selected during 2013 up to ten observation points, separated by at least 20 m from each other, within each of three types of areas: control areas, where no acacia trees were present in a 25 m radius; low acacia densities, where A. dealbata density was 0.30 trees m −2 and A. longifolia was 0.13 trees m −2
; and high acacia tree density, with A. dealbata densities of 5.40 trees m −2 and A. longifolia densities of 1.00 tree m −2 (N = 30 observation points per site in Portugal). With this design, we aimed to have a representative sampling of a gradient of invasion within each site, from control uninvaded areas, to the center of highly invaded patches within each site. In the native sites of Australia, during December 2012, we proceeded similarly but with only one kind of area, representing a typical acacia population for each species. Acacia dealbata tree density was 3.31 trees m −2 at Point Hut and A. longifolia tree density was 0.91 trees m −2 at Puckeys (N = 10 observation points in Australia). Thus, for both acacia species, density of Australian populations were just slightly lower than "high density" Portuguese sites. Tree densities were calculated based on a 100 m 2 survey (ten 10 × 1 m transects) across each area and site. We could find at least one plant species with elaiosome-bearing seeds dispersing synchronously with acacia for each Portuguese site. Those species were from the Fabaceae Pterospartum tridentatum at the mountain area of Lousã, invaded by A. dealbata; and Ulex europaeus at the sand dunes of Tocha, invaded by A. longifolia. In Australia, we could not find any other plant species dispersing elaiosome-bearing seeds synchronously with acacias. At each study site, we collected abundant fresh seed both from the acacia and from the co-occurring native species, and manually removed the elaiosome from half of the seeds, to be used immediately in subsequent experiments and observations, coinciding with both species natural seed dispersal phenology.
Seed removal rates
In order to assess the importance of the elaiosome for seed removal by ants we set up a seed removal experiment. We prepared Petri dishes by boring three 5 mm holes in three equidistant lateral points, separated by 5 cm and in direct contact with the ground in order to allow access to the interior of the dish only to ants. In Portugal, we set up two sets of paired Petri dishes, one for each seed species (i.e. acacia, and the native species present at each Portuguese site). Each dish contained either 10 elaiosome-bearing seeds or 10 elaiosome-removed seeds from a single species. Paired Petri dishes were placed in 10 observation points within each density area in Portugal (total of 60 dishes per seed species and site, N = 120), and in each acacia population in Australia (total of 20 dishes). After 48 h we counted the remaining seeds at each Petri dish. Untransformed seed removal rates were analyzed with Generalized Linear Models with Poisson distribution of errors in SPSS 19 (IBM 2010) . For each region, seed removal per 48 h was the response variable for each species, and elaiosome presence and acacia density were fixed factors.
Relative importance of elaiosomes for seed removal
Ant interactions with seeds can be defined as either granivorous or myrmecochorous, and although it is difficult to assess their relative importance in natural conditions, it is commonly accepted that the difference in seed removal rates between elaiosome-bearing and elaiosome-removed seeds is a good indicator of the relative importance of myrmecochory (Willson and Traveset 2000) . This can be expressed as:
where M ri is the relative importance of myrmecochory and I e and I ne represent the number of observed interactions with elaiosome bearing or elaiosome-removed seeds, respectively. However, this indicator is based on counts and would impede adequate comparison among different experiments or species, like the ones used in this work.
Consequently, we used a proportional term in order to produce a normalized index which would be fully comparable, and that overcomes the poor statistical properties of ratios (Hedges et al. 1999) . Specifically, we adapted the Relative Interaction Indexes (RII)
(1) M ri = I e − I ne (Armas et al. 2004) to assess the relative importance of these appendages across regions and environmental conditions for seed dispersal. The index was originally conceived to assess the sign (competition/facilitation) of plant-plant interactions based on continuous biomass variables, whereas ant-seed interactions are typically recorded as counts. We adapted RII to necessarily take into account the maximum number of possible ant-seed interactions, i.e. the number of seeds with or without elaiosome offered to ants. Therefore, we used a Relative Interaction Index adapted to elaiosome-seed removal (eRII) as: in which I eo and I neo represent the number of elaiosome-bearing or elaiosome-removed seeds offered in each observational unit. Mathematically, the index can range from − 1 to 1, with negative and positive values indicating lower or higher relative importance of myrmecochory, respectively. However, in real cases we should never expect a higher number of interactions for elaiosome-removed than for elaiosome-bearing seeds, since granivorous ants should not distinguish between them. Consequently, the index will range from zero to one in real field studies. Values nearing zero will indicate a small relative importance of elaiosomes (e.g. because of a predominance of granivorous ants), and values nearing one will indicate a high importance of myrmecochory (e.g. because of the absence of granivorous ants, and the almost exclusive activity of myrmecochorous ants).
We used seed removal rates from the experiment described above to calculate eRII. Each pair of Petri dishes with either elaiosome-bearing or elaiosome-removed seeds (N = 10 pairs), within each area (N = 3 densities for Portugal; N = 1 for Australia) and region (N = 2 countries), was used to obtain an individual value for the eRII for each seed species, which was later analyzed statistically with R 3.1.2 (R Development Core Team 2010) by means of Generalized Linear Models with Gaussian distribution, with eRII as the dependent variable, calculated from seed removal from each individual pair of Petri dishes. We compared differences between native and invaded regions, using region and plant species as fixed factors. We also compared differences between native and introduced species in Portugal, using acacia density as a fixed factor.
Ant species richness
We set up one pitfall trap at each observation point filled with a 1:2 mix of 90% alcohol and glycerin. Pitfall traps were removed after 48 h and all ant individuals found within the traps were identified taxonomically (Shattuck 1999 ; www.hormi gas.org). We used elaiosomebearing and elaiosome-removed seeds to perform cafeteria experiments at the observation points, in which we offered simultaneously four seeds of each plant species; two with their natural elaiosome, and two with the elaiosome-removed. Each group of four seeds was placed on the natural ground randomly, and visual observations were made in 10-min intervals at different locations within each site. We observed ants visiting the Petri dishes and counted an interaction when the ant species picked up a seed and tried to carry it away. We collected these ants for taxonomical identification and replaced the removed seed until the 10-min interval ended. We made observations from dawn to dusk on three different days for each site, and accumulated a total observation time of 293 and 525 min for A. dealbata sites in Portugal and Australia, respectively; and of 400 and 420 min for A. longifolia sites in Portugal and Australia, respectively. In order to assess that we had a sufficient and representative number of observations we created rarefaction curves using EstimateS 9.1.0 (2) eRII = I e ∕I eo − I ne ∕I neo (Colwell 2013 ) with 500 randomizations with replacement. Curves showed saturation or near-saturation for all sites (Appendix 1: Fig. 3) .
To describe the ant community for each area and site we calculated ant species richness, Shannon-Wiener diversity index (H′), Pielou's evenness index (J′), and α and β W diversity. Shannon-Wiener diversity index was calculated as: H′ = ∑ p i (ln p i ), were p i was the proportional abundance of each species; and Pielou's evenness index as: J′ = H′/H′max, with H′max being the maximum value of H′ for a given community, calculated as the natural logarithm of the total number of species present in that site. Pielou's J′ ranges from zero to one, with one indicating the highest possible evenness and zero the lowest. In order to account for abundance effects, evenness was also assessed with Hulbert's probability of specific encounter, PIE (Hurlbert 1971) , which measures the chance that two individuals randomly sampled pertain to two different species. β diversity was used to assess the variation in species composition among sites, and provides an interesting link between ant diversity (α diversity) and the total species pool within the area (γ diversity) (Anderson et al. 2011) . We calculated the commonly used Whittaker's β diversity index B w (Whittaker 1972) in which β W = (γ/α − 1), being γ the total number of ant species at the area and α the mean number of ant species interacting with seeds of each plant species. Standardized Sørensen's β diversity was also assessed with the procedure beta.multi of R's library betapart (Baselga and Orme 2012) .
Results
Seed removal rates
In the A. dealbata site in Portugal, elaiosome-bearing seeds experienced significantly higher removal rates both for A. dealbata (Wald χ 2 = 14.06, df = 1, p ≤ 0.001), and for P. tridentatum (Wald χ 2 = 15.79, df = 1, p ≤ 0.001). Seed removal rates were highest in areas with no acacias and lowest in areas with higher acacia densities both for A. dealbata (Wald χ 2 = 78.19, df = 2, p ≤ 0.001) and for the native P. tridentatum (Wald χ 2 = 30.48, df = 2, p ≤ 0.001). Significant interactions between the effects of elaiosome presence and acacia tree density were found both for the invasive (Wald χ 2 = 6.42, df = 2, p = 0.040), and for the native seeds (Wald χ 2 = 12.13, df = 2, p ≤ 0.002), indicating that removal rates of elaiosome-bearing and elaiosomeremoved seeds varied differently among different acacia densities. In Australia, the presence of elaiosomes had a similarly positive and significant effect on seed removal rates, but of a much larger magnitude that it did in the invaded Portugal (Wald χ 2 = 39.46, df = 1, p ≤ 0.001) (Fig. 1) . Acacia longifolia presented a seed removal pattern resembling that of A. dealbata sites both in Portugal and in Australia, however, the importance of the presence of elaiosomes was of a higher magnitude both for the invasive acacia in the non-native range and for the co-occurring native U. europaeus. Elaiosome-bearing seeds experienced significantly higher removal rates both for A. longifolia (Wald χ 2 = 258.93, df = 1, p ≤ 0.001) and for the native U. europaeus (Wald χ 2 = 627.85, df = 1, p ≤ 0.001). Seed removal rates of acacia were significantly higher in areas with no acacias (control), and lowest in areas with higher acacia densities (Wald χ 2 = 425.03, df = 2, p ≤ 0.001). For the native U. europaeus removal rates were also lower in high acacia density areas (Wald χ 2 = 25.35, df = 2, p ≤ 0.001) whereas control and low density areas experienced similar removal rates (Wald 
Fig. 1
Ant seed removal rates for elaiosome-bearing and elaiosome-removed seeds of each acacia species and accompanying elaiosome-bearing native species at both Australia and Portugal (mean ± SE), across a gradient of acacia tree density, with controls representing areas with no acacia presence. Different uppercase or lowercase letters indicate statistically significant differences among densities, or between elaiosome removal treatments, respectively environments, driven by the large differences in removal rates of elaiosome-bearing and elaiosome-removed seeds found in the high-density site. In Australia, elaiosome presence on A. dealbata seeds had a highly significant and important effect on seed removal rates, with a higher relative importance in Australia than in high density acacia stands in Portugal, but lower proportional importance than in control and low density Portuguese acacia stands (Wald χ 2 = 36.88, df = 1, p ≤ 0.001) (Fig. 1) .
Relative importance of elaiosomes for seed removal
For sites with A. dealbata presence, eRII's significantly differed among sites (t = 3.474; df = 62; p ≤ 0.001). Tukey post hoc tests showed that the relative importance of elaiosomes was highest for Australian acacias, and lowest for Portuguese control sites and for high density acacia stands (p = 0.003; p = 0.025; p = 0.009; Fig. 2 ). For sites with A. longifolia presence, elaiosomes relative importance also presented significant differences among groups (t = − 2.371; df = 68; p = 0.021). However, Tukey post hoc test indicated that the only clearly different group was high density A. longifolia in Portugal, which presented the lowest value of all (p = 0.006; p < 0.001; p = 0.062; p = 0.054; Fig. 2 ).
Ant species richness
The combination of pitfall traps and direct observations in field cafeteria experiments allowed us to identify 20 different ant species in Portugal and 13 ant species in Australia. Of those, the highest proportion of seed disperser ant taxa was found in Australia (63-78%), whereas myrmecochorous taxa in Portugal was similar among environments for A. longifolia (34-50%), but slightly higher in control areas (67%) for A. dealbata (vs. 50% in low and high density stands) ( Tables 1, 2) .
Within the invaded A. dealbata mountain site at Lousã, species richness, diversity, and evenness presented a descending cline of ant species richness, with a richer (γ), more diverse (H′) and even (J′, PIE) ant community at control sites, where no acacia trees were present, and a poorer, less diverse and less even ant species community at high acacia density locations (Table 2 ). In terms of beta diversity (β W ) the pattern was the reverse to that of diversity (H′), with more diverse environments presenting a more stable composition of ant species along the control areas, and a highly variable ant community among heavily invaded areas. However, Sørensen's standardized dissimilarity index showed that species turnover was very similar across environments, albeit with a tendency to increase in control and native areas. The Australian site of Point Hut presented values for all indices more similar to the intermediate values found for low acacia density areas in Portugal, even though Australian sites presented tree densities closer to those categorized as "high density" in Portugal.
Within the A. longifolia invaded sand dunes of Tocha, in Portugal, ants had similar species richness (γ), diversity index (H′), and evenness (J′, PIE), among acacia tree densities. Beta diversity (β W ) increased slightly as acacia tree density decreased, in a pattern contrary to that found for A. dealbata, although of a much lower magnitude. The Australian site of Puckeys presented a higher ant richness than the site in Portugal, with medium low diversity index (H′) and evenness (J′, PIE) due to the extraordinary importance of one ant species (Rhytidoponera metallica), which accounted for most of the ant observations across sampled areas within the population; this also resulted in a slightly higher beta diversity (β W ). Sørensen's standardized dissimilarity index β SOR showed that species turnover was slightly lower in high and low density areas and slightly higher in control and native areas.
Overall, the number of interactions per minute were many-fold higher in Australia than in Portugal for both acacia species. In the cafeteria experiments, numerous ant species interacted with seeds of both acacia species in Australia, but Pheidole spp. ants proved to be the most important seed dispersing genus of both acacia species, summing up to 80% of interactions for A. dealbata, and 42% for A. longifolia (Appendix 2, Table 3 , Fig. 4 ). In the Portuguese site with A. dealbata all five ant species interacted with seeds from both native and invasive plant species, although seeds of the native plant P. tridentatum were removed mainly by the invasive ant Linepithema humile, which presented a species strength of 0.75, and a species specificity index of 0.966 (Appendix 2, Table 4 ). Quite differently, in the site with A. longifolia in Tocha, seeds of the native U. europaeus were removed by just a single ant native species, Themnothorax pardoi, whereas A. longifolia seeds were removed by four different ant species, including T. pardoi which thus presented the highest species strength Letters within brackets indicate acacia tree densities where each ant species was observed in Portugal: (c) control (no acacia); (l) low density; (h) high acacia tree density. Asterisk (*) marks ant species for which we directly observed interactions with elaiosome-bearing seeds. The "x" sign indicates the ant species that interacted with elaiosome-bearing seeds but did not interact with elaiosome-removed seeds (i.e. strictly myrmecochorous). The sign "+" marks seed disperser ant genus according to Gómez and Espadaler (2013) (which does not consider exotic myrmecochorous exotic ants)
A. dealbata sites
Portugal ( Table 5 ). Interestingly, we did not directly observe T. pardoi ants removing U. europaeus seeds from high density areas, but this or some other ant species must be removing those seeds, according to the seed removal data shown in Fig. 1 . Comparing the interaction between native species and acacias in Portugal, it is interesting to note that the native P. tridentatum was able to establish two times more interactions with seed dispersers than A. dealbata in Lousã, while in Tocha the opposite pattern was observed, with A. longifolia presenting more than twice as many interactions as U. europaeus (Appendix 2).
Discussion
Our observations support the generalized presence of ant-seed interactions for these acacia species in the non-native range, even in sites where native European species showed specialized interactions. Our results also showed a reduction in the relative importance of elaiosomes for seed removal of A. dealbata seeds in the non-native region and, for A. longifolia, only on densely invaded sites in Portugal. Seed removal rates by ants were many-fold higher in Australia than they were in Portugal for both acacia species, however, they were still an important asset to guarantee seed dispersal of acacia species in the nonnative region. Myrmecochorous ant species prefer larger elaiosomes, and selective forces often favor increases in elaiosome size in order to attract high quality dispersers (Hughes and Westoby 1992; Mark and Olesen 1996; Leal et al. 2014) . However, increased investment of resources in larger elaiosomes usually involves compensatory trade-offs, typically in the form of smaller seeds or in a reduction in seed production (Mark and Olesen 1996; Leal et al. 2014) . A recent study comparing seed and elaiosome size of A. longifolia and A. dealbata from Portugal and Australia showed a significant increase in seed size in Portugal, and a trend towards reducing the proportion of biomass allocated to elaiosomes (Correia et al. 2016) . Another study comparing A. longifolia from native and non-native ranges within Australia found that this species allocated proportionally less resources to elaiosomes in the non-native ranges than in the native ones (Harris et al. 2016) . The present study sheds light on one of the potential selective forces that might be responsible for a shift in resource allocation trade-offs, since our observations of seed removal showed that the difference in removal rates of elaiosome-bearing and elaiosome-removed seeds was proportionally lower in Portugal than in Australia, particularly in the high-density acacia stands in Portugal. Consequently, we could expect that selective forces will favor further shifts in resource allocation trade-offs towards reduced proportional investments in elaiosome size in the non-native region of these acacia species, where increased seed size could offer a more beneficial competitive advantage by increasing the success of seedling recruitment (Correia et al. 2016 ).
Seed removal rates for elaiosome-bearing seeds were higher than removal rates for elaiosome-removed seeds for all species and regions. We cannot confirm the fate of removed seeds, since ants can be either seed dispersers or granivorous seed eaters (Willson and Traveset 2000) . Elaiosome-removed seeds are more likely to be removed by granivorous ants, while elaiosome-bearing seeds should attract both granivorous ants and mutualistic ant seed dispersers looking for an elaiosome reward (e.g. Bas et al. 2009 ). Furthermore, myrmecochorous interactions are sometimes dominated by one or few highly effective ant species (Gove et al. 2007; Rey 2008, 2009 ). However, there are no clear boundaries between myrmecochorous and non-myrmecochorous ant species, and while some high quality seed disperser ant species consistently and effectively disperse seeds across long distances, other seed disperser ants eat the elaiosomes at point of discovery (Lach et al. 2010) . Even strictly granivorous ants can play a beneficial role for seed dispersal, since seeds stored in their nests are protected from other predators and wildfires, and can be abandoned and able to germinate (Bas et al. 2007; Lach et al. 2010) . Thus, most granivorous ant species often play a dual role as both dispersers and predators (Gómez and Espadaler 2013) . The important increase in the observed seed removal rates of elaiosome-bearing seeds, and our direct observations of ant-seed interactions with known seed disperser ant species, suggest that most of the elaiosome-bearing seeds were effectively dispersed. In Australia, manual removal of elaiosomes resulted in large and significant reductions in acacia seed removal rates by ants. In non-native Portugal, elaiosomes were also important, but the effect of elaiosome removal varied between acacia species and among acacia tree densities. Interestingly, seed removal rates on native Australian sites were similar to seed removal rates of control and low density non-native areas, even though acacia tree densities found in Australia were closer to tree densities of highly dense invaded areas. Thus, in the non-native region, seed removal was always higher in non-invaded areas, revealing a potential mechanism for the dispersal of acacia seeds into uninvaded areas.
Portuguese native plant species fared similarly to their co-occurring acacia species in terms of seed-removal rates, even though acacia seeds and their elaiosomes are more than twice as large as those of the studied native species (Castroviejo 2012) . Differences in removal rates along the acacia density gradient can be explained by differences in the ant community composition, which is frequently driven by changes in the plant community due to invasions (Traveset and Richardson 2006) . Preliminary studies showed differences in seed removal rates along environmental gradients for the same study system (Montesinos et al. 2012), but there was no information about the ant community responsible for that pattern. In the current study, we found that the ant community of the sand dunes invaded by A. longifolia was resilient to differences in acacia tree density, but that there was a clear reduction in ant species richness with increasing A. dealbata tree density. Similar results had been previously reported for A. saligna invaded Fynbos in South Africa (French and Major 2001) . However, species richness should not always be regarded as beneficial per se, since some of the sites not invaded by acacias accounted with the presence of invasive ant species, and the presence of invasive ant species also has a deep impact on local ant community compositions which could act synergistically with the effect of plant invasions in still unpredictable ways.
Myrmecochory has been regarded as a generalized form of interaction, although evidence is contradictory. In numerous cases one single ant species can be responsible for most interactions, most likely due to intrinsic traits of the seeds more than the specific ecological context, which tends to be highly variable at temporal and spatial scales (Gove et al. 2007; Manzaneda and Rey 2009) . Australian sites presented manyfold more interactions per minute than Portuguese sites. Acacia dealbata showed a specialized pattern of interaction in the study site of Australia, where one single ant species was responsible for two-thirds of the observed interactions. In Portugal, the same acacia species was served by the same array of ant species as the native P. tridentatum. In contrast, A. longifolia was served by a diverse group of ant species both in the sites of Australia and in Portugal, however, the native U. europaeus was served by only one species in this site, demonstrating a very specialized pattern in contrast with the generalist pattern showed by the invasive tree in Portugal. Although these patterns are interesting, further investigation would be needed at a range of native and non-native sites to confirm the generality of our findings.
Plants introduced into new geographical ranges usually encounter fewer dispersal barriers than those that arrive naturally (Traveset and Richardson 2006) and, certainly, seed dispersal mutualisms established by acacias in their non-native range guarantee essential dispersal services. Many factors may significantly contribute to the enormous success of these species in Portugal. For instance, acacias have been found to be highly competitive under low resource supply (Werner et al. 2009) , to successfully and advantageously establish belowground mutualisms in the invaded areas (Rodríguez-Echeverría et al. 2009 , to successfully use allelopathic compounds (Lorenzo et al. 2010b, c) , and to produce massive amounts of seeds in the introduced range which are larger and escape pre-dispersal predation (Correia et al. 2014) . This study reveals that myrmecochory is important in the non-native regions, and could contribute to the expansion of the invaders.
Overall, our study confirms the importance of elaiosomes for seed removal by ants both in the native and in the non-native regions. However, it also identifies differences in its relative importance between Australia and Portugal and along gradients of acacia density. Our data also shows that invasion affects ant communities and dispersal of native species. Specifically, ant communities change along acacia densities and are impoverished in some highly invaded areas, when compared to uninvaded areas, likely a consequence of abiotic and biotic modifications derived from acacia invasion. Importantly, native plant species experience a significant reduction in seed dispersal services in highly invaded areas, signposting another mechanism of native plant displacement, and exemplifying the difficulty of natives to re-colonize already invaded areas.
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Appendix 1: Rarefaction curves
See Fig. 3 . To visualize the relative strength of interactions on each site, we calculated ant-seed interaction networks for each of the two Portuguese sites with the statistical package "bipartite" on R 3.1.2 (Dormann et al. 2009 ). For each network, we calculated the following indexes: connectance, indicative of the realized proportion of possible links, obtained by the total sum of links divided by the number of cells in the interaction matrix (Dunne et al. 2002) ; nestedness (weighted NODF) indicating how the system is organized, with values closest to zero indicating high nestedness and values nearing 100 low nestedness (Rodriguez-Girones and Santamaria 2006); and network specialization index H2′, describing the level of specialization of the network, and ranging from zero (no specialization) to 1 (complete specialization) (Blüthgen et al. 2006) ; animal robustness, measuring the sensitivity of the system to the loss of plant species; and plant robustness, measuring the sensitivity of the system to the loss of animal species (Memmott et al. 2004; Burgos et al. Dormann et al. (2009) and references therein. The study of interaction networks requires at least two species at each interaction level. Since we only had one plant species in Australia, we could only calculate interaction indexes for the Portuguese populations, for which two plant species were considered. However, we plotted interaction graphs for the Australian observations to quantitatively compare their interaction strength to those of Portugal.
